Abstract: thienyl-3-hydroxyestra-1,3,5(10),16-tetraenes were synthesized by either sequential or one-pot Suzuki cross-coupling and Wittig olefination reactions. At 160
Introduction
Areno-and heteroareno-annelated steroids were proposed as compounds with potential antiflammatory, antibacterial and antimicrobial activity. Recently, bioactive benzoannelated pentacyclic and hexacyclic terpenoids were isolated from natural sources. A number of adociasulfates, such as I which was isolated from the Palauan sponge Haliclona (aka Adocia) [1] [2] [3] , were determined to inhibit kinesin motor proteins [2] . Haliclotriol B, II, isolated from the Indo-Pacific sponge Haliclona [4] , was shown to possess microbial activity against Bacillus subtilis and Staphylococcus aureus. The hexacyclic disidein, III, [5] was isolated from the marine sponge Disidea pallescens. Of these, the adociasulfate 1, I, was synthesized by polyene cyclization (Fig. 1) [6] .
Compounds arising from the areno-annelation of the estrane framework occurred less [1] [2] [3] , haliclotriol B (II) from the Indo-Pacific sponge Haliclona [4] , and disidein (III) from the sponge Disidea pallescens [5] .
frequently and thus far no natural products of this type were isolated. Research was conducted, however, to develop hybrids of estrane molecules with bioactive moieties [7, 8] .
In connection with our studies of novel estrane-derived systems with potential affinity to the estrogen receptor, the authors became interested in the preparation of arenoand heteroareno-annelated estranes [7, 9, 10] . Syntheses of areno-annelated estranes by a tandem nitro-olefination/Heck reaction/cyclisation/aromatisation protocol [9] and by Ru-and Pt-catalysed cyclization of estrane-diene-ynes [10] were reported. The structures were also prepared by Robinson annelation with subsequent aromatisation [11] , by Diels reaction using a steroidal diene [7] , and use of steroidal 17-oxo-16-ketene acetals [12] . Because of the steric demand of the steroid, it is advantageous to conduct the annelation step intramolecularly rather than intermolecularly. Typically, a cyclization step would be involved. In this research, the construction of 17-thieno-and 17-benzothienoestra-1,3,5(10),16-tetraenes having a substituted vinyl group at C16 is detailed. The thermal cyclization of such trienes to thiaindeno-and thiafluorenoestra-1,3,5(10),16-tetraenes is described.
Results and discussion
Six-membered ring construction via triene electrocyclization, while not used frequently, is a powerful tool, especially in natural product synthesis [13] . Potentially, one or more double bonds in the triene system can become part of a heterocycle. Recently, the authors developed a new approach to the synthesis of thienyldienes via a Suzuki coupling-Wittig olefination sequence [14, 15] . Therefore, it was expedient to utilize this technique in combination with a subsequent thermal triene cyclization for rapid construction of thienoannelated estranes. The reaction strategy, involving synthesis from the corresponding bromoenaldehydes (Arnold-Vilsmeier adducts), was first developed using less expensive model compounds, based on dihydronaphthalene [15] . The preparative strategy for the construction of the triene began with a cycloalkanone, which was transformed to the bromocyclohexenal using the Arnold-Vilsmeier reaction [16] . The bromo functional group was utilized for C-C coupling reactions; the carbaldehyde functional group for an olefination reaction. For the synthesis of 17-thienyl-and 17-benzo [b] thienyl-16-vinylestra-1,3,5(10),16-tetraenes, the Suzuki coupling was selected as the C-C forming reaction at C-17. The Wittig olefination was used for the formation of the substituted vinyl moiety at C-16. Initially, the phenolic function at C-3 of commercially available estrone (1) was protected and 1 was transformed to the 3-methoxy, 3-benzyloxy, and 3-benzoyloxy derivatives 2a -2c by published procedures (Scheme 1) [17, 18] . All three derivatives were subjected successfully to the Arnold-Vilsmeier reaction to generate the corresponding 3-O-protected 17-bromo-3-hydroxyestra-1,3,5(10),16-tetraene-16-carbaldehydes 3a-3c (Scheme 1) [19] . The order of the reactions for the final preparation of the steroidal trienes 7 was interchangeable: a) Suzuki coupling followed by Wittig olefination; b) Wittig olefination followed by Suzuki coupling; or c) one pot Suzuki coupling-Wittig olefination.
Scheme 1 Preparation of three protected 17-bromo-3-hydroxyestra-1,3,5(10),16-tetraene-16-carbaldehydes (3).
Suzuki coupling with subsequent Wittig olefination
17-Bromoestra-1,3,5(10),16-tetraen-16-carbaldehydes 3a-3c were subjected to the Suzuki cross coupling reaction with thienylboronic acids 6a,c and benzo [b] thienylboronic acids 6b,d. A two phase system was used in the reactions with DME as the organic solvent and aq. Na 2 CO 3 as the aqueous medium. In the experiments, bistriphenylphosphinopalladium (II) dichloride [(PPh 3 ) 2 PdCl 2 ] [20] was utilized as the pre-catalyst for the Suzuki crosscoupling reactions, where triphenylphosphine (PPh 3 ) was added as a ligand. The desired products were obtained in good yield (Scheme 2).
When 3a was reacted with benzo [b] thien-3-ylboronic acid (4d), a mixture of two products was obtained in a ratio approximately 1:1, as observed from the 1 H NMR spectrum by integration of the C18-methyl group and the carbaldehyde proton. The mixture was subjected to repeated reactions under the same conditions, but the ratio did not change. At this time, it was highly unlikely that the mixture still contained starting material. However, the possibility existed that the mixture contained reduced material as observed in Pd(0) catalysed C-C coupling reactions. The spectroscopic data clearly demonstrated Scheme 2 Preparation of 3-O-protected 17-heteroaryl-3-hydroxyestra-1,3,5(10),16-tetraene-16-carbaldehydes (5) .
that both components of the mixture possessed the benzo [b] thienyl moiety. Furthermore, the same reaction with bromo-formyldihydronaphthalene as substrate posed no problems. Migration of the substituent of the benzo [b] thiophene, that would lead to a mixture of benzo [b] thien-2-yl and benzo [b] thien-3-yl substituted steroids, was not predicted. Lastly, single crystals (see also below) were prepared from a solution of the mixture in hexane/ether/chloroform (1:1:1). Dissolution of the crystals in deuterated chloroform led to the 1 H NMR pattern observed for the previous mixture. From this, it was deduced that the solution of 5d consisted of two rotamers. MM2-modeling of 5d demonstrated that the C16-(steroidal)-C3'-(benzo [b] thienyl) bond cannot rotate freely, therefore, in the NMR time scale, the two rotamers occurred as separate entities. X-ray crystal structural analyses of a single crystal of 5d grown in hexane/ether/CHCl 3 (1:1:1) revealed the presence of only one of the rotamers (Fig. 2) , which corresponded to the rotamer determined by MM2 calculations to have the lower energy. Only one of the rotamers may pack well enough to form the single crystal. The dihedral angle between the benzo [b] thienyl group at C17 and the average plane of ring C is 50.17 (9) • in the crystal. Normally, it can be expected that the formyl group at C16 and the benzothienyl group at C17 will occur in the same plane because of possible conjugation of the π-systems. A planar conformation is difficult to achieve as the benzo [b] thienyl group interacts sterically with the formyl group at C16 and the methyl group at C18. The results gathered from the X-ray crystal structure resembled those obtained from MM2 calculation of the molecule. From the X-ray crystal structural analysis, the torsion angle C16-C17-C22-C21 is 128.9(3)
• , from MM2 calculations, it is 120.0 • .
Fig. 2
A view of 5d with the atom-numbering scheme. Displacement ellipsoids are drawn at 50 % probability level and H atoms are shown as small spheres of arbitrary radii. The occurrence of rotamers was also evidenced with 7i, the 17-benzo [b] thien-3-yl substituted compound. Partial and total hydrolysis of 7i to 7i-OH and 7i-(OH) 2 , respectively, was conducted to better observe the 1 H NMR pattern of the compounds.
These compounds each demonstrated the NMR signals for two rotamers. The compounds of type 5 were converted by Wittig-olefination to the 16-vinyl-17-heteroarylestra-1,3,5(10),16-tetraenes of type 7. Mixtures of type 5 compounds and type 6 phosphoranes were dissolved in a minimal amount of solvent to solubilize and mix the compounds homogeneously and were heated in an oven at 100
• C (Scheme 3). Reactions with ethoxycarbonylmethylidenetriphenylphosphorane (6a) were completed within 30 min., while reactions with the less reactive acetylmethylidenetriphenylphosphorane (6b) and benzoylmethylidenetriphenylphosphorane (6c) were allowed to react for 2h.
Scheme 3
Wittig olefination as the final step for the preparation of estrane trienes of general type 7.
Wittig olefination followed by Suzuki coupling
Compounds of type 3 were also subjected directly to Wittig olefination reactions. A number of conditions were utilized to perform the reactions: a.) heating of a mixture of compounds of type 3 and the phosphorane in benzene in the presence of benzoic acid [19] ; b.) ultrasonication of a mixture of compounds of type 3 and phosphoranes in a biphasic (water/hexane-ether) medium [21] ; and c.) reaction of compounds of type 3 with the phosphorane in a minimal amount of solvent (CHCl 3 )in an electric oven [22] . Variant c is often the method of choice because of the simplicity of handling, the reduction in solvents and additives used, and the frequently increased yields of the products. Therefore, 8a and 8d were prepared by Wittig olefination in which the reaction of 3a and 3c with phosphorane 6a in a minimal amount of solvent within 20 min., was conducted in an electric oven at 100
• C. The transformations demonstrated the benefits of a virtually solvent-free Wittig reaction. The authors reported [19] earlier the use of benzene as the solvent with a reaction time of 3 h and a yield of 75 %. In the reaction developed in this research, the reaction time was shortened to 20 min, the workup was simplified, and the yield was increased to 96 %. As observed previously in Suzuki coupling with subsequent Wittig olefination, acetylmethylenetriphenylphosphorane (6b) and benzoylmethylidenetriphenylphosphorane (6c) were much less reactive and reaction times of 90 min to 2h were necessary (Scheme 4)
Scheme 4
Wittig olefination of estrane carbaldehydes of type 3 with stabilized phosphoranes using minimal amounts of solvent.
Wittig products of type 8 were transformed by Suzuki cross-coupling reaction to the steroids of type 7 under the reaction conditions discussed above [Pd(PPh 3 ) 2 Cl 2 , PPh 3 , aq. Na 2 CO 3 , DME] (Scheme 5). Double Suzuki coupling reactions were possible with Wittig products of type 8 that were prepared by the reaction of compounds of type 3 with halobenzoylmethylidenetriphenylphosphoranes, such as for 8e. The reactions lead to additional, appended heteroaromatic substituents in the steroidal trienes as produced in 7j (Scheme 6).
One-pot Suzuki coupling-Wittig olefination
Alternatively, compounds of type 7 were prepared using a one-pot Suzuki cross couplingWittig olefination protocol. The reaction was possible because the conjugated phosphoranes were stable under the reaction conditions utilized in Suzuki cross coupling transformations (Scheme 7)
Intramolecular Thermal Triene Cyclization
The products produced using the Wittig olefination-Suzuki cross coupling protocols (variants a -c) were subsequently cyclized thermally. A number of solvents were used previously in triene electrocyclization reactions [23] , especially when the reactions were conducted at temperatures below 150
• C. Desimoni et al. [23] performed the reaction of the reaction did not demonstrate any significant solvent effect. As it was necessary to conduct the cyclization reactions at higher temperatures in this research, diphenyl ether was used as the solvent, which was not included in the list of solvents investigated by Desimoni et al. [23] . Diphenyl ether exhibited a number of advantages over decaline, which was normally used for electrocyclic reactions at high temperatures. Diphenyl ether solubilized substrates better than decaline. Improved solubilization generated less polymerization of the starting materials, which often occurred in decaline, where the starting
Scheme 7
One-pot Suzuki cross-coupling-Wittig olefination in a direct preparation of estrane trienes of type 7 from compounds of type 3.
material resided in areas of high concentration before it was solubilized completely at higher temperatures. Although diphenyl ether had a greater polarity than decaline, it can be separated from the reaction mixture by column filtration with hexane as eluant.
As long as the desired product had a functional group, it was not eluted with diphenyl ether. Additionally, diphenyl ether had the advantage that its elution through the column was monitored spectroscopically in the UV range.
The thermal triene cyclizations of the steroids of type 7 yielded the desired products of type 9 (Scheme 8). High temperatures were required for the cyclization. Thus, 7m produced no cyclization product when heated at 120
• C for 15h. When compounds of type 7 were heated in diphenyl ether at 160
• C, thermal cyclization occurred with subsequent aromatisation of the cyclohexadienes initially formed. The yields of the products at this temperature were fair. For certain compounds, the acetyl group was eliminated in the products under the thermal conditions used, leading to non-substituted thiafluorenoand thiaindeno-annelated estranes such as 9g and 9n. A major difference was observed in the cyclization behavior of the thien-2-yl and thien-3-yl substituted steroids (eg., of 7a vs. 7e). While the former reacted sluggishly, the cyclization reactions of the thien-3-yl substituted steroids were complete within 12h at 160 • C. Thien-2-yl substituted steroids generated low yields in the cyclization reaction. The benzothien-3-yl substituted product 7i was not cyclized at all, probably resulting from the steric problems posed by an intermediate having all three double bonds of the triene system in 7i in one plane. This result contrasted sharply with that found for the benzothien-3-yl substituted dihydronaphthalenes, which did not possess a steric constraint and underwent easily thermal cyclizations at 160 • C. As the cyclohexadienes primarily formed undergo aromatisation under the stated conditions, the problem of the formation of double bond isomeric mixtures can be circumvented. The formation of isomeric mixtures occurred in some electrocyclization reactions due to a 1,3-hydride shift.
Scheme 8 Thermal cyclization of estrane trienes of type 7.
Scheme 8 (continued) Thermal cyclization of estrane trienes of type 7.
In general, the coupling procedure-Wittig olefination/Suzuki C-C bond formationin combination with a triene cyclization complemented nicely the annelation methods developed by Voigt et al.
[24]a and Zezschwitz et al.
[24]b which relied on the doubleHeck or Heck/Stille coupling reactions with a subsequent cyclization reported by Gilchrist and Summersell [25] which proceeded via sequential Wittig olefination, coupling with organozinc halides, and cyclization. While the benzoyl protective group was cleaved with ease (cf., see 9c), reduction of the benzyl protective group in the ring-annelated estranes by hydrogenation was also possible. The ring-annelated steroids synthesized in this research are currently being tested for potential anti-cancer and antimicrobial activities.
Experimental

General
2-Thienylboronic acid (4a), benzo [b] thien-2-ylboronic acid (4b), 3-thienylboronic acid (4c), and benzo [b] thien-3-ylboronic acid (4d) were acquired commercially (Aldrich). The starting material estrone (1) (Wako Pure Chemical Industries, Ltd.) was used as purchased. 3-Methoxyestra-1,3,5(10)-trien-3-one (2a) (KOH, MeI, DMSO), 3-Benzyloxyestra-1,3,5(10)-trien-3-one (2b) (BnBr, NaH, dry DMF), O-protected 17-bromo-3-hydroxyestra-1,3,5(10),16-tetraen-16-carbaldehydes (3a-c) [19] ethoxy-and methoxycarbonylmethylidenetriphenylphosphorane (6a) [26] and (6d), acetylmethylidenetriphenylphosphorane (6b) [27] and benzoylmethylidenetriphenylphosphorane (6c) [27] were synthesized according to procedures published in the literature. 8d is a known compound [19] .
Melting points were measured on a Yanaco microscopic hotstage and were uncorrected. IR spectra were measured with JASCO IR-700 and Nippon Denshi JIR-AQ2OM instruments. 1 A suspension of 7i (25 mg, 0.042 mmol) and NaOMe (100 mg, 1.8 mmol) in a mixture of ether (10 mL) and ethanol (10 mL) was stirred at rt for 5 h. The solution was concentrated in vacuo and the residue was diluted with water (10 mL). The mixture was acidified with conc. aq. HCl and was extracted with chloroform (3 X 10 mL A mixture of 3a (375 mg, 1.0 mmol), 3-thienylboronic acid (4c) (192 mg, 1.5 mmol), phosphorane 6c (570 mg, 1.5 mmol), Pd(PPh 3 ) 2 Cl 2 (28 mg, 4.0 . 10 −2 mmol), PPh 3 (32 mg, 0.12 mmol) in DME (5 mL) and 1.5 M aq. Na 2 CO 3 (3 mL) was kept at 65 • C for 3.5 h. Thereafter, 4c (192 mg, 1.5 mmol) was added and the reaction mixture was kept at 65
• C for an additional 5 h. The cooled mixture was extracted with chloroform (3 X 20 ml). The organic phase was dried over anhydrous MgSO 4 and concentrated in vacuo. The residue was subjected to column chromatography on silica gel (hexane/ether/CHCl A mixture of acetylmethylenetriphenylphosphorane (6b) (400 mg, 1.26 mmol) and 3c (210 mg, 0.45 mmol) in chloroform (0.5 mL) was heated in an electric oven at 100 • C for 45 min. The cooled solution was subjected to column chromatography on silica gel (hexane/ether/CHCl Thermal cyclization of 7d. -7d was produced by heating 38 mg (6.9 . 10 −5 mol) in diphenyl ether (1.5 mL) at 160
• C for 24 h. The cooled reaction mixture was subjected to column chromatography on silica gel (first hexane to elute diphenyl ether fol-
